Abstract. The paper reports experimental results from tests carried out at room temperature on servo-hydraulic system dedicated for examination of the operation properties of rocker arms. The ball joint of this element was modified by an application of composite coating such as the tungsten carbide (WC). To apply cyclic loading to rocker arms the griping system was designed and elaborated. Results from tests performed on the composite coated ball joints were compared with data obtained for typical elements. Variations of the following parameters versus time i.e. force, temperature, weight, diameters and surface topography of balls were analysed with respect to operation properties of the modified ball joints. An increase of the friction coefficient was achieved for sliding joints of the steel ball-steel cups coated by the WC.
Introduction
A progress in many branches of industry enforces the elaboration and application of modern materials [1, 2] . This push is related to the current requirements concerning the lifetime extension of the responsible parts or elements of engineering constructions. The ball joints are selected by the automotive industry for their modification by application of materials exhibiting better properties in comparison to the typical ones. Among these materials, the tungsten carbide (WC) is noteworthy [3] . Its melting temperature of around 2700°C enables an operation of elements at extreme environmental conditions. Moreover, the value of Young's modulus of this composite (around 690 GPa) is three times higher than that of typical steels. Although the ultimate tensile strength (UTS) of the tungsten carbide is only equal to 530 MPa, its compressive strength (UCS) is very impressive, i.e. it is almost thirteen times higher (around 6800 MPa) [3] . The UCS value depends strongly on the cobalt content. The 50% drop of this parameter was noticed with an increase of the cobalt content from 2 to 24%. An opposite effect of this addition presence was observed for the fracture toughness variations. This parameter increased non-linearly with the cobalt content increasing (3÷24%) independently on the layer thickness (0.5÷4 micron) [3] . The producers' data catalogue [3] indicates that the WC composite is highly resistant to wear, but it strongly depends on a percentage binder content. The wear resistance decreased gradually with increasing cobalt or nickel in the range from 4 to 16%. A size of the tungsten carbide particles may also affect the resistance on wear, i.e. its increase from 0.5 µm (ultrafine level) to 3 µm (coarse level) decreases linearly this parameter [3] . Another results proved that the cobalt content (12÷25%) does not significantly change the friction process when the Al 2 O 3 or carbon steel are used as the matrix materials [4] .
Taking into account advantages of the WC, one can conclude that this composite type may be used as a thin layer to cover working surfaces, and as a consequence, to protect matrix materials against temperature effect, to reduce wear and avoid non-typical loading effects.
The WC composite layer properties may be modified by selection of sintering parameters, i.e. temperature and time [5] . An increase of temperature from 1210 to 1270°C led to 14% density increase. Time of sintering may change significantly a degree of porosity depending on the layers number. As it was proved by authors of [5] in the case of the WC layers the porosity was almost stable if the number of layers was within the range from 2 to 5, independently of the sintering time applied.
The main aim of this paper was to check a possibility of using ball joints coated by the tungsten carbide in rocker arms for extension of durability of this type car suspension element.
Experimental Procedure
All experiments were performed using an anti-vibration platform with T slots, ACT-05 hydraulic servomotor, 2405 signal controller and hydraulic power pack, produced by SAGInoMIYA company from Japan. The ACT-05 hydraulic servomotor enables a work within ±5 kN load capacity, ±50 mm displacement range, 0.01÷50 Hz frequency range, and linear displacement velocity up to 95 cm/sec. During tests the power pack was operated at the oil flow velocity equal to 15 l/min, and the oil pressure close to 210 bar. Sampling frequency was constant, 2 Hz. A mass variation of balls and cups was measured by the use of the AT 200 model precise electronic gauge produced by the Mettler Toledo company. The measurement accuracy of this device is equal to ±0.1mg, the capacity is within the range from 10 mg to 205 g. A surface topography of the ball joints was investigated using the Contour GT-K 3D non-contact optical profilometer from Bucker company. The resolution in x, y and z axes was better than 0.01 nm. In the tests magnifications equal to 70×, 300× and 700× were applied.
The typical ball joint (denoted as W11) and its modified version obtained by means of the tungsten carbide (WC) coating on the balls or/and cups surfaces were tested with or without application of the lubricant, Fig. 1a . The following configurations of the sliding pairs were considered, i.e.: W14 (WC-steel ball -polyamide cups with lubrication); W23 (WC-steel ballpolyamide cups) and W24 (WC-steel ball -WC-steel cups) -both without lubrication. The amplitude and frequency of displacement controlled signal were equal to 35 mm and 2 Hz, respectively. Moreover, the following experimental steps were carried out prior to the main test: (a)
Solid State Phenomena Vol. 240 233 loading systems were designed and implemented (Fig. 1b) ; (b) software enabling identification of the effects due to the applied loading conditions was developed; (c) data acquisition system was implemented. The tested elements were mounted using a special gripping system, which enabled a load to be applied to the rocker arm, Fig. 1b . The following elements of the system were necessary to be used: U-slot stand having the high matched to actuator displacement, two supports enabling to mount the rocker arms, springs and anti-roll bar connected with both tested parts and produced the resistance force having values calculated on the basis of data from the realistic behaviour of a car suspension. The loading conditions were defined based on the track data. A comparison of the experimental results obtained from the testing of modified and standard ball joints enabled an examination of the composite layer behaviour. It was evaluated on the basis of changes registered after every 5×10 3 cycles and elaborated in the form of diagrams of the force or temperature versus time, diameters, mass or roughness. Figure 2 illustrates some changes in the force as a function of time during the examination of the composite ball joint at the beginning (solid line) and final stage (dot line) of the test. Important differences between both curves are especially visible for the compressive force. Comparison of the results achieved at the first and last cycle shows 25% reduction of the acting compressive force, (Figs. 2, 3) . Also, significant temperature variations can be observed along the entire test (Fig. 4) . It increased linearly over a few initial cycles independently of the composite surface type and friction conditions. For the W14, W23 and W24 layers, an increase of temperature was equal to 60%. A lack of lubrication can be easy observed on the basis of such results. It is manifested by a rapid increase of temperature in the initial stage of the test (W23 and W24 sliding pairs), Fig. 4 . This effect may be used for explanation of the further lowering of temperature. A drop of temperature from 50°C to 35°C can be attributed to high intensity of the wear process of balls and cups at the beginning of the test leading to dilatation taking place between sliding pairs. The smallest variations of temperature (less than 30%) were achieved for the typically lubricated surface, denoted as W11. Such a small increase of temperature reflects a stabilisation of the friction process. It was not observed for the balls and cups with the WC composite layers. For these types of sliding pairs the temperature lowering had non-linear character expressed by local maximal or minimal values. In comparison to the results for typical ball joint it exhibited a strongly unstable friction. An analysis of the weight variations of the composite coated ball exhibited its increase equal to 0.017 g (W14), when the polyamide cups were applied. It was related to the wear product deposition. An opposite effect occurred when the WC coated steel cups were examined. In this case the weight reduction achieved a higher level close to 0.19 g (W24), Fig. 5 . The results of the profilometric investigations (Fig. 6) showing irregular discontinuities in the WC layer enabled to take a conclusion that significant changes in the composite surface were observed when the WC-steel cups were investigated. Comparison to the roughness measured for the composite coated steel ball sliding on the polyamide cups in the as-received state and after cyclic loading history exhibited its 36% reduction due to operation i.e. from 3.3 to 2.1 µm.
Results
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Conclusions
Force variations, temperature changes, mass reduction and surface topography were taken into account in analysis of an influence of tungsten carbide layer on the ball joint durability. Variation of friction conditions was manifested by a lowering of force and increase of temperature. In comparison to the results of test for the typical ball joints either force or temperature achieved 2.5 time higher values, independently on the sliding pairs modified by means of the WC layer. The experimental results confirmed also an expected essential role of lubricant in the wear process. Thanks to the lubricant application a slower increase of temperature at the beginning of test was observed in comparison to that obtained for the sliding pairs coated by WC without lubrication. Profilometric investigations were employed to examine a degree of homogeneity of the ball joint. The composite coating on the sliding joints of the steel ball-steel cups type increased the friction coefficient. It was expressed by a reduction of the ball weight and appearance of the metallic powder. A magnitude of the ball mass reduction was dependent on the friction conditions, i.e. sliding of the joint elements with or without of the lubricant.
